Background: Thyroid cancer incidence is increasing worldwide at an alarming rate, yet little is known of the impact this increase will have on society. We sought to determine the clinical and economic burden of a sustained increase in thyroid cancer incidence in the United States and to understand how these burdens correlate with the National Cancer Institute's (NCI) prioritization of thyroid cancer research funding.
Introduction
A substantial accumulation of evidence has shown that age-adjusted incidence of thyroid cancer has increased worldwide for many decades (1) (2) (3) (4) (5) (6) (7) . This trend started as early as 1940 and has steadily increased since that time (8) . The increasing thyroid cancer rates were first attributed to the widespread use of external beam radiation to treat benign diseases of the head and neck in the first part of the 20th century. However, increases in the number of nonradiation-induced thyroid cancer cases were reported as early as the 1950s, and contrary to the decrease that was expected, rates of thyroid cancer continued to increase after the routine use of radiation for benign head and neck disease had stopped, suggesting alternative factors were involved (9) (10) (11) (12) .
After several decades of data accumulation, the prevailing hypothesis for explaining the increase in thyroid cancer shifted to improved surveillance and diagnostics. Population-level data supported this hypothesis by correlating the increasing use of thyroid ultrasound and fineneedle aspiration (FNA), tools that were introduced in the early 1980s for thyroid cancer diagnosis, to the increasing thyroid cancer incidence (13) . Now, almost 30 years after the introduction of thyroid ultrasound into clinical practice, thyroid cancer rates continue to increase, suggesting that other factors are involved. The patterns are concerning as there is no evidence of a decrease or plateau in incidence on the horizon. Great debate about the true cause of this increase continues, but what has been the price of this debate?
The decades-long debate over why thyroid cancer is increasing has overshadowed an issue of equal importance: the clinical and economic consequences of the continued increase. There is a paucity of data on the clinical and economic impact of thyroid cancer care. Understanding the magnitude of the clinical and economic burden of thyroid cancer is essential to allow resources to be appropriately prioritized to mitigate the impact of increasing incidence in thyroid cancer. Such data could change our understanding of the societal burden of thyroid cancer, improve the clinical practice of physicians caring for patients with thyroid cancer, and inform policy changes for future research funding.
We hypothesized that the clinical and economic consequences of a sustained increase in thyroid cancer incidence, regardless of the cause, has been greatly underappreciated; creating a misconception that thyroid cancer is a disease with low clinical and economic burden, subsequently leading to substantial underfunding of thyroid cancer research relative to other cancers. We explored our hypothesis gathering incidence and funding data from the National Cancer Institute's (NCI) Surveillance, Epidemiology, and End Results database (SEER) and the Office of Budget and Finance. We then used these data in Joinpoint and economic models to predict the economic and clinical impact of thyroid cancer over the next 10 years and correlated these findings with current thyroid cancer research funding data.
Materials and Methods

Incidence data source
We used the NCI's SEER 13 Registries Database November 2011 Submission (14) to analyze male and female thyroid carcinoma incidence rates from 1992 through 2009. The SEER 13 Registries Database included registries in Atlanta, CT, Detroit, HI, IA, NM, San Francisco-Oakland, Seattle-Puget Sound, UT, Los Angeles, San Jose-Monterey, Rural Georgia, and the Alaska Native Tumor Registry and covered approximately 14% of the U.S. population.
Thyroid cancer cases were coded using the International Classification of Diseases for Oncology, 3rd edition (ICD-O-3) (15), and were stratified into the 4 major histologic types: papillary carcinoma (ICD-O-3 codes 8050,  8260, 8340-8341, 8343-8344, 8350), follicular carcinoma  (ICD-O-3 codes 8290, 8330-8332, 8335), medullary carcinoma (ICD-O-3 codes 8345-8346, 8510), and anaplastic  carcinoma (ICD-O-3 codes 8012, 8020-8021, and 8030-8032) ; all other ICD-O-3 codes were categorized as other or unknown. To compare thyroid cancer with cancers that are commonly screened for and/or highly funded by the NCI, ICD-O-3 codes were used to identify prostate, lung and bronchus, colorectal, and ovarian cancers (PLCO cancers), as well as cancer of the breast, brain, and pancreas, and leukemia, non-Hodgkin lymphoma (NHL), and melanoma.
Funding data source
We obtained funding data from the NCI's Office of Budget and Finance for the fiscal year 2009 (16) .
Data Analysis
Incidence analysis
Incidence rates (IR) were calculated using SEER Ã Stat 7.1.0 (17) and expressed per 100,000 person-years, manyears, or woman-years. Age-adjusted rates were standardized to the 2000 U.S. population. Prevalence estimates were also ascertained from SEER Ã Stat. The NCI's Joinpoint Regression program version 3.5.2 (18) was used to test the statistical significance of trends and to obtain estimated annual percent change and 95% confidence intervals. Joinpoint regression is a statistical method that describes changing trends over successive segments of time and the rate of increase or decrease within each segment. The most recent annual percent change (APC) was calculated for each cancer site stratified by gender. The calculated APC was applied to the most recent incidence data (2009) to calculate projections for the subsequent 10-year period using the following formula: rate in subsequent year ¼ (rate in current year) þ (rate in current year Â APC). The age-adjusted temporal trends were then plotted on a linear scale.
Cost analysis
To estimate the total medical costs associated with incident cohorts of patients diagnosed with thyroid cancer between 2010 and 2019, we estimated the average lifetime cost per patient, multiplied this cost by the number of estimated incident cases in a year, and then aggregated over the entire 10-year cohort. A decision model was used to document the clinical pathway for a hypothetical patient diagnosed with thyroid cancer at the median age of diagnosis (50 years old; ref. 19) . The model followed the patient for 30 years, reflecting the life expectancy of a 50-year-old in the United States (20) . The clinical pathway in the model was primarily based on the American Thyroid Association's 2009 management guidelines for patients with differentiated thyroid cancer (21) , supplemented with inputs from clinicians in our project team (R.B. Schechter, E.L. Kaplan, P. Angelos, and R.H. Grogan). The model also considered the possibility of recurrence and metastasis because these cases were more costly to treat and required more intensive surveillance. Rates of recurrence (30%) and metastasis (5%) were obtained from epidemiology studies (22) (23) (24) (25) .
Clinical events documented in the model included initial treatment with thyroidectomy and radioactive iodine, maintenance therapy with levothyroxine, office visits and imaging tests associated with diagnosis and surveillance of thyroid cancer, and treatment for a subset of patients with metastasis or recurrence. These events provided information on resource utilization, and each item of resource has its associated ICD-9 diagnosis/procedure code (for hospital admissions), Current Procedural Terminology codes (for outpatient visits), or National Drug Codes (for outpatient prescription drugs). We then used these codes to obtain the "unit cost" or price associated with each item of resource from published sources. Specifically, inpatient costs for each admission diagnosis or ICD-9 procedure were retrieved from the HCUPnet (http://hcupnet.ahrq.gov; ref. 26) , an online query system based on data from the AHRQ's Healthcare Cost and Utilization Project, outpatient costs from Medicare's resource-based relative value scales fee schedule (http://www.cms.gov/Medicare/ Medicare-Fee-for-Service-Payment/PhysicianFeeSched/ index.html?redirect¼/physicianfeesched/), and drug costs from the Red Book (http://www.redbook.com). We then calculated the total lifetime cost by summing over the product of counts of each resource item by its corresponding unit cost across all resources and applied a 3% annual discount rate for costs occurring after the first year of diagnosis. All costs were reported in 2012 U.S. dollars.
Funding analysis
Incidence rate ratios (IRR) and estimated number of cases were used to compare thyroid cancer funding with other cancer sites. The funding disparity is presented as the ratio of funding of the comparison cancer site and funding for thyroid cancer (e.g., $ in 2009 for breast/$ in 2009 for thyroid) divided by the IRRs for the 2 cancers.
Results
Incidence
A total of 59,611 thyroid cancer cases were identified in the SEER database from 1992 through 2009 including 50,453 papillary, 5,824 follicular, 1,240 medullary, 559 anaplastic, and 1,535 unspecified thyroid cancer cases. The overall thyroid cancer incidence was 8.7 per 100,000 person-years, with a rate of 12.7 per 100,000 woman-years and 4.5 per 100,000 man-years during this time period. Papillary thyroid cancer had the highest incidence with a rate per 100,000 person-years of 7.3, as compared with 0.9 for follicular, 0.2 for medullary, and 0.1 for anaplastic cases. We determined the APC for all 4 thyroid cancer types and found in the most recent time period a yearly increase of 7.0% for papillary, 1.0% for follicular, 2.0% for medullary, and 1.0% for anaplastic thyroid cancers. We used the APC data to make projections by subtype through 2019 and plotted the trends from 1992 through 2019 (Fig. 1) . Our projections show that if the current trend continues, the rate of papillary thyroid cancer per 100,000 person-years will be 23.8 in 2019, compared with 1.5 for follicular thyroid cancer, 0.26 for medullary thyroid cancer, and 0.12 for anaplastic thyroid cancer. Even more striking, these data show that the rate of papillary thyroid cancer in women is expected to increase to 37.0 per 100,000 person-years by 2019 (Table 1) . Given the dominance of papillary thyroid cancer over the other thyroid cancer subtypes, we chose to restrict subsequent analyses of thyroid cancer to the papillary type.
We chose PLCO for comparison of incidence trends as they are the high-incidence cancers for which screening is expected to play a role in incidence trends over time and mortality outcomes. For the PLCO cancers (Table 1) , we determined the incidence in 2009 to be 146.7 per 100,000 man-years for prostate cancer, 54.7 per 100,000 person-years for lung cancer (64.9 per 100,000 man-years and 47.5 per 100,000 woman-years), 42.4 person-years for colorectal cancer (48.3 per 100,000 man-years and 37.7 per 100,000 woman-years), and 12.5 per 100,000 woman-years for ovarian cancer. In 2009, the overall incidence of papillary thyroid cancer was 12.1 per 100,000 person-years, with a rate of 18.2 per 100,000 woman-years and 5.8 per 100,000 man-years.
We used the incidence data from 1992 through 2009 to fit trends for the PLCO cancers, and we report the APC for the most recent Joinpoint segment for each cancer site (Table 1) . We found an increasing annual incidence for papillary thyroid cancer for both males and females (APC overall: 7.0, APC in males: 6.2, APC in females: 7.3). Conversely, a decreasing incidence was observed for all PLCO cancer sites (APC prostate: À2.1, APC lung: À1.1, APC colorectal: À2.1, APC ovary: À1.4). The APC projections show the incidence of papillary thyroid cancer in females will be 37.0 per 100,000 woman-years by 2019, surpassing ovarian (10.8) and colorectal cancer (30.4) in incidence by 2019 (Fig. 2) to become the third most common cancer in women of all ages after breast (75.0) and lung cancer (42.1). At that time, thyroid cancer will also become the second most common cancer in women under age 45 with an incidence (19.3 per 100,000 years) second only to breast cancer (data not shown).
Cost
Using our economic model, we estimate the lifetime cost for a hypothetical cohort of patients with thyroid cancer to be $34,723 per patient. The lifetime cost of patients without metastasis was $33,463 per patient, whereas the cost of those with metastasis was $58,660 per patient. Using the above projected incidence rates, combined with the predicted population size by the Census (27), we calculated the total cumulative cost for thyroid cancers diagnosed between 2010 and 2019 ( Table 2) . As shown, the total cost for an incident cohort of thyroid Figure 2 . Comparison of past, present, and future incidence of papillary thyroid cancer to PLCO cancers in males and females. Incidence rates in the box are the predicted rates of future cancer incidence based on Joinpoint modeling of the most recent SEER data. Incidence rates of all PLCO cancers are shown to be decreasing over time, whereas the incidence of papillary thyroid cancer in both men and women continues to increase. The rate of increase is much more rapid in women and will result in thyroid cancer passing colon cancer in incidence before 2019.
On the basis of these data, the sustained increase in thyroid cancer incidence will be responsible for an additional cost of $4.5 billion dollars (or $7.5 billion undiscounted) over the next 10 years.
Funding
On the basis of incidence rates, we found a significant discrepancy in NCI funding for thyroid cancer compared with the top 10 most funded cancer sites (Table 3 ). In 2009, thyroid cancer was the seventh most common cancer in incidence in the United States (5th most common excluding melanoma and NHL). In the same year, the NCI allocated $14.7 million to thyroid cancer research, making it the 30th most funded cancer site. By comparison, the 4 cancer sites with the highest incidence rates in 2009 were breast, prostate, lung, and colon. They were also the 4 most highly funded cancer sites, and their funding rank correlated directly with their incidence rates. Leukemia was the fifth most funded cancer and its incidence (8th most common) in 2009 was very similar to that of thyroid cancer (12.4 vs. 13.7 per 100,000), but the discrepancy in funding was striking ($220.6 million vs. $14.7 million). If the increasing incidence in thyroid cancer is not taken into consideration in the future, the discrepancy in funding for thyroid cancer will only worsen (Table 3) .
Because thyroid cancer has a high survival rate (28) , it also has a prevalence that is higher than many other cancers. To understand how thyroid cancer funding compares to other cancers based on survivorship, we compared funding rates of the top 10 funded cancer types to thyroid cancer as a function of prevalence. (Table 4 ).
Comment
We found that thyroid cancer imposes a significant clinical and economic burden in the United States. Our data suggest that if current trends are maintained, within the next 10 years, the incidence rate of thyroid cancer would more than double and be as high as 89,500 new cases per year and cost between $18 and $21 billion. Our findings also indicate that although the lifetime cost of thyroid cancer was not high (around $35,000 per patient) compared with other cancers, the overall cost of illness is expected to increase substantially in the next 10 years as a result of the increasing incidence of thyroid cancer. On the basis of thyroid cancer funding data, this burden has been greatly underappreciated, as it is only the 30th most funded cancer even though it is the seventh most common type of cancer. Interestingly, 6 of the 10 most highly funded cancer types are decreasing in incidence, and of the remaining 4 that are increasing, none are increasing at a rate higher than 1.8% per year compared to 6.6% for thyroid cancer (7.0% for the papillary thyroid cancer subtype). We cannot ascertain from our data whether higher levels of research funding directly decrease cancer incidence, but we do show that thyroid cancer is significantly underfunded and at the same time is increasing at a much more rapid rate than almost any other cancer type.
In general, the prognosis for thyroid cancer is good as the 10-year survival rate for papillary thyroid cancer is as high as 97% in some studies (28) . A high rate of survival, a relatively younger age at diagnosis, and the increasing Table 3 . Ref.
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Ref. incidence is resulting in a greater prevalence of thyroid cancer survivors. The majority of these patients will live full lives after their diagnosis, but they will need lifelong surveillance. We are not arguing that thyroid cancer prognosis is similar to the other more common cancer types but simply that the trends and magnitude of persons affected now and in the near future warrant consideration of investment in research to understand the cause and implications of the issue. Our data also suggest that thyroid cancer is increasingly a major public health issue, particularly for women. The increase in incidence is clearly an important women's health issue because the thyroid cancer burden is not equally distributed by gender, and we expect the gender difference to widen in the future. An improved understanding of how biologic, environmental, social, and cultural factors contribute to differences in cancer prevention is key to alleviating the observed gender disparity and to identifying opportunities to slow the increasing rates. The control of thyroid cancer is a critical piece of the actionable strategies necessary to reduce the burden of cancer. Furthermore, if we were better able to prognosticate between different types of cancer, we could definitely reduce spending by reducing surgery, followup, workup etc., on those patients with more benign forms of the disease.
Our study does have some limitations. The economic model likely underestimates the true cost of thyroid cancer because the model only captured essential care components, it did not include any treatment-related complications or use of novel therapies for metastatic disease. In addition, our unit cost information was based on Medicare payment rates, which tend to be lower than the rates in commercial plans. Our study is also limited by the usual concerns related to analyses of registry data: nonreview of histopathologic diagnoses, potential incomplete data collection, and inconsistencies in tumor classification over time due to changing staging systems. The precision of trend analyses depends on the extent of data available; however, trend analyses ascertained using data such as SEER are based on a relatively large population with extensive historic data and are subsequently more reliable. Also, tend analyses are more accurate if there are no major changes in treatment options that are likely to impact future rates. Accurate projections of cancer rates must also take into consideration geographic and demographic differences in populations. However, it is unlikely that these factors play a significant role in our projections as we used a very large sample size and changes in the population are less likely when using a database as large as SEER.
Conclusion
Thyroid cancer diagnosis, treatment, and surveillance have not changed significantly since the introduction of thyroid ultrasound and FNA nearly 30 years ago. Given the continued rapid rate of increase in thyroid cancer, it is unlikely that ultrasound and FNA are the sole source of the increase. A sense of complacency in research and development of new therapies and diagnostic strategies for thyroid cancer has been promoted because it is thought of as a disease with a minimal burden on society. Our data refute this commonly held belief and show a clear clinical and economic burden on society as a result of thyroid cancer. While it is true that most people survive thyroid cancer, recurrences can occur after many years, and patients must live a lifetime of surveillance and worry. The psychological impact of thyroid cancer survivorship has not been well studied, but it is another considerable burden for many patients. On the basis of our data, we believe thyroid cancer should receive a higher priority in funding so that more research on the etiology, prevention, and improved treatment of thyroid cancer might take place. 
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